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ABSTRACT. Porous nanosponges, percolated with a three-dimensional network of 10-nm 
sized ligaments, recently emerged as promising substrates for plasmon-enhanced spectroscopy 
and (photo-)catalysis. Experimental and theoretical work suggests surface plasmon localization 
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in some hot-spot modes as the physical origin of their unusual optical properties, but so far the 
existence of such hot-spots has not been proven. Here we use scattering-type scanning near-
field nano-spectroscopy on individual gold nanosponges to reveal spatially and spectrally con-
fined modes with 10 nanometer localization lengths by mapping the local optical density of 
states. High quality factors of individual hot-spots of more than 40 are demonstrated. A statis-
tical analysis of near-field intensity fluctuations unveils plasmonics in the strong localization 
regime. The observed field localization and enhancement make such nanosponges an appealing 
platform for a variety of applications ranging from nonlinear optics to strong-coupling physics. 
 
Nanoporous gold1 has attracted considerable interest because of its unique three-dimensional 
bicontinuous ligament network and high surface-to-volume ratio, which benefit applications in 
sensing,2 catalysis,3-5 and supercapacitors.6 Of particular interest are the plasmonic properties 
of this material since surface plasmon (SP) localization7-9 in the randomly disordered ligament 
network favors, e.g., surface-enhanced Raman scattering (SERS)10, 11 and infrared absorption2 
spectroscopy, and enhances fluorescence from embedded quantum emitters12. Recently, na-
noporous gold in its nanoparticle form  “nanosponge” 13, 14 has emerged as an promising 
plasmonic architecture.15 Individual nanosponges with (sub-)micron diameters have been fab-
ricated by firstly solid-state dewetting of a bimetallic film, such as gold/silver, to form an alloy 
nanoparticle. Subsequently, the alloy nanoparticle is dealloyed in which the less noble metal 
(silver) is chemically removed, leading to the formation of porous structure with nanometer-
sized channels perforating the entire particle.13, 14 Many of the structural parameters of these 
sponges like the particle and ligament sizes and porosity are highly tunable,13 offering a means 
to tailor their plasmonic properties. Unlike conventional plasmonic antennas where Ohmic loss 
and radiative damping16 dominate the decay of SP, the plasmon excitations of nanosponges 
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may also experience multiple coherent scattering with the randomly disordered, nanoporous 
ligament network. Theoretical results predict that these multiple scattering processes can lead 
to the random localization of SP in certain hot-spots with small volumes.17-19 The resulting 
substantial local field enhancement could make these particles attractive, for instance, for 
strong coupling to single quantum emitters,20-25  applications in SERS10, 11, 18 or enhancing non-
linear optics.  
SP localization has been studied quite extensively for quasi-two-dimensional (2D) percolated 
metal thin films.7, 8 It is well known that multiple SP scattering leads to spectrally narrow-band 
SP modes with resonance linewidths down to a few tens of nm and mode areas of ~1000 nm2, 
and enhancement of second harmonic generation has been demonstrated.26 Much less is known, 
however, about SP localization in small three-dimensional (3D) nanosponges. Unlike 2D na-
noporous films, nanosponges display a collective, dipolar SP resonance that can be excited by 
far-field light.17, 19 This turns them into an efficient optical nanoantenna. Understanding the 
coupling between this collective mode and randomly localized SP may therefore reveal insight 
into the formation of plasmonic hot-spots and their coupling to radiative SP modes. While finite 
difference time domain (FDTD) simulations suggest the existence of such hot-spots,17-19, 27 lin-
ear light scattering spectra of single nanosponge have so far showed rather broad SP resonances 
superimposed with some minor spectral modulations.17, 19, 28 Even for round particles, strong 
polarization anisotropies were found which are more pronounced in light scattering than in 
photoluminescence.19, 28 This has been taken as an indirect signature of light localization. Re-
cent ultrafast photoemission experiments suggest the existence of SP modes with lifetime 
longer than 20 fs and indicate that Fano-type interferences between localized and delocalized 
SP modes contribute to the scattering of far-field light.17 Yet, so far, all these far-field experi-
ments, even if performed on a single porous particle, average over an ensemble of modes, and 
studies of individual localized SP modes (hot-spots) are lacking.  
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Here we use scattering type scanning near-field optical microscopy (s-SNOM) to directly probe 
SP modes on the surface of an individual nanosponge. The hot-spot modes are found to localize 
on a 10 nm scale and display linewidths of 20 nm or even less. The measurements predict 
Purcell factors of single hot-spot modes up to 106. Near-field intensity fluctuations with 
strongly non-Gaussian statistics demonstrate strong SP localization. Our results make nano-
sponges an intriguing example of a quasi-3D disordered medium that concentrates far-field 
light into a few hot-spots with properties that can be controlled by tailoring the nanosponge 
geometry. 
 
Figure 1. (a) Schematic of the scattering-type near-field spectroscopy experiment probing 
surface plasmon (SP) localization in individual gold nanosponges. Multiple coherent scattering 
of SP within the disordered, percolated sponge structure leads to the formation of localized 
modes (“hot-spots”). (b) SEM image of a gold taper with a radius of 10 nm used as near-field 
probe. (c) False-colour SEM image of gold nanosponges deposited on a glass substrate. (d) 
Far-field extinction spectrum of a large ensemble of nanosponges shown in (c). (e) 
Polarization-dependent far-field extinction spectra of an individual nanosponge, shown in the 
SEM image in the inset. The direction of the polarization relative to particle axis is indicated 
in the figure. Note the different wavelength scales in (d) and (e). 
5 
 
In this work, we investigate nanoporous gold particles, nanosponges, fabricated by dewetting 
and dealloying of a gold-silver bilayer.13-15 The nanosponges are deposited on a glass substrate 
and have a half-spherical or semi-ellipsoidal shape. An SEM image in Fig. 1c displays an im-
homogeneous distribution of particles with different shape and size (150-400 nm diameter). 
All particles are perforated by a randomly distributed nanopores with a typical diameter of 10-
20 nm. A cross-sectional analysis proves that these nanopores are percolating not just the sur-
face but the entire interior of the particle, forming a continuous quasi-3D ligament network.13, 
17, 19 Figure 1d shows the extinction spectrum for a large ensemble of nanosponges from the 
sample in Fig. 1c. The spectrum shows a broad and weakly structured resonance covering the 
visible to near infrared region from 600 to 2200 nm. This broad resonance certainly reflects the 
optical properties of an inhomogeneously broadened ensemble of particles with different ge-
ometries. When recording the extinction spectrum of a single nanosponge (Fig. 1e), the spec-
trum narrows considerably. Even at the single-particle level, however, the spectra show quite 
broad resonances, covering several hundreds of nm, which are superimposed with several weak 
sidepeak modulations. The resonance wavelength and modulation amplitude of those sidepeaks 
vary substantially, even for particles with similar size and porosity, reflecting the unique ran-
domly disordered structure of each particle.17, 19 In comparison to particles of similar shape but 
without pores, the spectra display a red shift of the resonance,13, 15 more pronounced sidepeak 
modulations and a strong polarization anisotropy (Fig. 1e), observed even for almost spherical 
particles.19, 28 The sidepeak modulation has been a taken as a signature of plasmon localization 
and hot-spot formation, but the linewidth of those sidepeaks is much broader than what is ex-
pected from the long hot-spot lifetimes (> 20 fs) deduced from recent time-resolved photoe-
mission experiments.17 This might already indicate that even at the single particle level, the 
sidepeak modulations reflect an average over the light scattering contributions from several 
localized modes.  
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To demonstrate the existence of localized plasmonic modes in the nanosponges and to ana-
lyze the optical properties of single hot-spots in real space, we used s-SNOM to record spa-
tially-resolved scattering spectra of individual nanosponges. In contrast to electron-beam based 
spectroscopies such as electron energy loss spectroscopy (EELS)29, 30 or cathodoluminescence 
(CL)31, s-SNOM allows us to resonantly excite plasmonic modes with high spatial (~ 10 nm) 
and spectral (< 10 meV) resolution. A schematic of our s-SNOM experiment is sketched in 
Fig. 1a. Electrochemically etched, single crystalline gold tips32 with a radius of curvature of r 
 10 nm are used as scattering probes (Fig. 1b). The distance between tip and sample, 
0 sin( )z z A t  , is controlled by tapping mode atomic force microscopy (AFM), with a tap-
ping frequency 2 f   ( f   25 kHz) and amplitude A  = 5 nm. During the measurements, 
the average tip-sample distance 0z  is set to 5 nm. By scanning the sample, we simultaneously 
obtain the topography and the optical scattering signal of the nanosponges. The sample is ex-
cited from side by a tunable, continuous-wave Ti:sapphire laser through a 20× (NA = 0.35) 
objective with a focus diameter of about 1.5 µm. The back-scattered light is collected by the 
same objective and detected with an avalanche photodiode (APD). When the tip approaches 
the sample, the optical near-field of the externally illuminated tip is coupled to the optical 
modes of the sample.33-37 This tip-sample interaction enhances the local light scattering and 
results in the emission of a near-field NFE  signal from the apex region when the tip is close to 
the surface. In addition, there is also a spatially much less localized background field, BE , due 
to the back-reflection of the incident laser from the tip-sample region. In general, several re-
flection pathways may contribute to this background (see Fig. S1, Supporting Information). In 
the case of the strongly scattering gold taper, BE  is largely dominated by strong reflection of 
the focused laser off the taper shaft.38 We take this reflected field RE  as a reference for the 
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weak near-field scattering NFE . The intensity of all interfering scattering contributions is meas-
ured with the APD and demodulated at the n-th harmonic of the tapping frequency f with a 
lock-in amplifier.33, 35 In our experiment we simultaneously record harmonic orders 1 4n   . 
For sufficiently high harmonic order, the scattering signal at the sample position r  and average 
tip-sample distance 0z  is 
     ( )*0, Re
n n
R NFI r z E E , i.e., it is dominated by the interference be-
tween the constant reference field RE  and the local n-th harmonic near-field 
     
0
0 ,0( , )
z
n n L
NF NFE r z E r c e

   . Here  ,0NFE r  is the near-field at 0z   and  nc  the Fourier 
coefficient of the near-field signal at the demodulation order n .33, 35  We assume a near-field 
contribution    ,0,
z
L
NF NFE r z E r e

  , which is characterized by an exponential decay of length 
L . This near-field decays much more quickly with tip-sample distance than all background 
fields. Therefore, the contributions of the background to high order harmonics ( 3,4n  ) can 
be safely neglected (see Fig. S1, Supporting Information), ensuring the probing of the local 
near-field only.  
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Figure 2. (a) AFM topographic image of a single nanosponge. (b) Simultaneously acquired 
AFM error signal highlighting the pore structure of the sponge. (c) Top: Cross section of the 
sponge topography along the dashed line in panel (a). Bottom: Cross sections of the scattering 
signal along the dashed lines in panels (d) and (e), respectively. The 3f-signal, recorded at the 
3rd harmonic of the tip modulation frequency f, reveals SP localization in individual hot-spots 
with diameters of about 10 nm. (d-f) Optical near-field scattering image (3f-signal) of the same 
nanosponge for laser excitation at 740, 760, and 780 nm, respectively. Several randomly dis-
tributed hot-spots are marked with white circles in (d-f).  
Figure 2a and 2b show representative AFM topography and error signal images from a single 
nanosponge, respectively. This nanosponge has a semi-spherical shape with a diameter of about 
250 nm and a maximum height of 100 nm (Fig. 2c). The pores are faintly seen in the topography 
and are much more obvious in the error signal. Figure 2d-f show the optical images of 3f-signal 
of the nanosponge excited at laser wavelengths of 740 nm (d), 760 nm (e), and 780 nm (f), 
respectively. In all images, we can readily observe localized regions of high near-field ampli-
tude. These “hot-spots” have typical diameters of 15 nm or less and are apparently randomly 
distributed across the surface. Cross sections of the scattering signal along the dashed lines in 
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Fig. 2d and 2e reveal a spatial localization down to 10 nm (Fig. 2c). Generally, we find locali-
zation lengths that are smaller than 15 nm (full width at half maximum, FWHM). These hot-
spots appear only at certain resonance wavelengths, as can be seen for selected spots marked 
by white circles in Fig. 2d-f. When excited at different laser wavelengths, the amplitude of each 
hot-spot varies significantly while the spatial position remains the same. From these images 
we see that even a small change of wavelength of 20 nm leads to dramatic changes of the field 
distribution. This suggests that the resonances of these hot-spots are quite narrow, as will be 
shown later in detail. In addition to this hot-spot emission, we also observe more delocalized 
regions with sizeable near-field amplitude. For these delocalized modes, the scattering signal 
is considerably smaller than that of the hot-spots and their spatial distribution appears to cor-
relate with the nanopore structures seen in the error signal in Fig. 2b. A series of near-field 
images of this particle recorded in a broader wavelength range from 720 nm to 840 nm (Fig. 
S2) is compared to representative near-field optical images of several other particles (Fig. S4-
5 in the Supporting Information). For all particles that we have studied, we find that the near-
field scattering signal is dominated by several spatially and spectrally highly localized hot-
spots that are randomly distributed across the nanosponge surface.  
The results in Fig. 2 nicely show the very high spatial localization of the hot-spot modes at 
the surface of our nanosponges. Our s-SNOM demodulation technique also provides infor-
mation about field localization in surface normal direction (Fig. 3a).39 For such highly localized 
modes, the characteristic in-plane wave vector component is much larger than the free-space 
wave vector and thus the decay length of the optical near-field along the surface normal is on 
the order of the tapping amplitude (~ 10 nm) or even shorter. Hence, during its periodic oscil-
lation, the tip probes a rapidly decaying local optical near-field (Fig. 3b). The nonlinear tip-
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sample distance dependence of the near-field amplitude results in an anharmonic periodic os-
cillation of the scattering signal,  *Re R NFI E E  (Fig.3b, top inset), giving rise to high-order 
harmonics in the lock-in output (Fig. 3b, bottom inset). For a typical exponential decay length 
L  of the electric near-field, the demodulated signal at the n-th harmonic order is proportional 
to the Fourier coefficients 
sin( )
( )
0
1
( 1)
T A
t
n in t nL
n
A
c e e dt I
T L



        
 
 . Here, the oscillation pe-
riod 1/T f , and nI  is a modified Bessel functions of the first kind and of order n.
35 Via the 
latter, the Fourier coefficients depend on the near-field decay length L .  
 
Figure 3. (a) Schematic of the experiment probing the decay length of localized hot-spot modes 
along the surface normal. The tip is modulated at frequency f and scattering signals are simul-
taneously recorded at the first four harmonics. (b) Simulation of the electric near-field decay, 
( )NFE z , along the surface normal (L= 3 nm), probed by a tapping tip. Inset: (Top) Time varia-
tion of the near-field intensity during tip modulation for an average tip sample-distance 
0z = 5 
nm and a tapping amplitude A= 5 nm. (Bottom) Fourier-transformed scattering intensity at 
harmonic order 1 4n   . (c) Scattered near-field intensity at second to fourth harmonics from 
several hot-spots (open circles), from a nanosponge region outside the hot-spots (open hexa-
gons), and from a planer gold surface (open rectangles). Simulated signals for near-field modes 
with different decay lengths are plotted as dashed lines. All data are normalized to the respec-
tive 2f-intensities. An average decay length of the hot-spot modes of 2-3 nm is deduced.  
We plot the 2f-4f intensities measured for several hot-spots as open circles in Fig. 3c. For a 
better comparison, the data are normalized to the respective 2f-intensities. We compare these 
results to related data recorded in a nanosponge region outside the hot-spots (open hexagons) 
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and from a planar gold film surface (open rectangles). Note that for the latter two data sets, the 
4f-signal was too weak to be resolved. To deduce the near-field decay length, we calculated 
the scattered intensity  *Re R NFI E E  by assuming a purely exponential near-field decay (Fig. 
3b), and extracted the nf -intensities from Fourier-transformed spectra (Fig. 3b, bottom inset). 
The simulated results with decay length of L = 1-6 nm are plotted in Fig. 3c as dashed lines.  
By comparing the experimental and simulated data, we deduce L ~ 5 nm for the planar gold 
film. This decay length matches to that obtained from an optical approach curve (Fig. S8). For 
such a planar film, tip-sample coupling induces an image dipole in the film and enhances the 
effective polarizability of the near-field taper.33, 34 Hence, the measured decay mainly probes 
the decay of the localized optical near-field at the taper apex. The short decay length seen in 
both Fig. 3c and in the approach curve (Fig. S8) reflects the small apex diameter of our tips. A 
similar decay length is seen outside the hot-spots of the nanosponge. This suggests that also 
here the off-resonant coupling between tip and sample dominates over the resonant excitation 
of localized hot-spots. In contrast, in the hot-spot regions, we see a clearly reduced decay length 
of only L ~ 2-3 nm. Here, the scattering signal mostly arises from the scattering of the localized 
hot-spot fields by the taper apex. Hence, the shorter decay length measures the decay of the 
hot-spot modes rather than merely that of the tip’s near-field. We thus take the deduced decay 
length of L ~ 2-3 nm as an estimate of the actual decay length of the hot-spot near-fields. A 
quantitative analysis39 may be rather involved since in our simplified model we assume a purely 
exponential near-field decay and neglect the finite extent of the taper field as well as possible 
coupling-induced modifications of the hot-spot spectra. Nevertheless, we note that we observed 
strong signal intensity at the 4th harmonic even for small tapping amplitudes of only 5 nm (Fig. 
S3 and S6). This can be only understood if the hot-spot decay length is shorter than 5 nm.  
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The SNOM measurements in Fig. 2 suggest very efficient coupling of tip dipole to localized 
hot-spot modes. In these experiments, the incident light is p-polarized, i.e., polarized mainly 
along the taper axis. This induces a strong, localized near-field at the apex with a dimension 
and polarization that is well matched to that of the localized modes. This mode matching makes 
coupling very efficient. Recent photoemission experiments suggest that also the excitation of 
the collective dipole mode of the particle contributes to laser-triggered photoemission.17 The 
SNOM measurements at high harmonic order (Fig. 2d-f) provide little evidence on this collec-
tive dipolar mode. In data recorded at lower harmonics (Fig. S3), however, their excitation is 
seen more clearly. Since this mode is more delocalized, the decay along the normal direction 
is weaker than that of the hot-spot modes. Hence the contribution of the collective modes to 
the higher order harmonic SNOM images is reduced. So far, it is difficult to quantify the cou-
pling between collective and hot-spot modes in our nanosponges. For this, more advanced non-
linear optical experiments seem necessary. 
 
Figure 4. (a) Near-field scattering spectra of individual hot-spots, recorded at the 3rd harmonic 
of the tip modulation (open circles). The red lines show resonances with Lorentzian line shape, 
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with linewidths of only 15 - 25 nm. The quality factor of those hot-spots can exceed 40. (b) 
Histograms of the 3f-scattering intensity from a single nanosponge, recorded for three excita-
tion wavelengths. The data are normalized to the average scattering intensity and are vertically 
shifted for clarity. Strongly non-Gaussian statistics reveal pronounced fluctuations of the local 
near-field intensity. The red lines show fits based on a single parameter scaling model.40 (c) 
Wavelength dependence of the scaling parameter g characterizing the near-field fluctuations. 
The values are deduced from fits to histograms as shown in (b). At all wavelengths, the SP 
modes of the nanosponge are in the strong localization (g<1) regime.  
We now discuss local near-field spectra obtained from a series of wavelength-dependent 
scans such as those shown in Fig. 2d-f. The simultaneously recorded error signals (Fig. 2b) 
allow us to track the evolution of individual hot-spots with high precision. Representative hot-
spot spectra are shown in Fig. 4a. Two remarkable features can be observed from these spectra. 
First, we see sharp resonances with narrow linewidth down to  ~ 20 nm (FWHM). Similarly 
sharp resonances are also seen in the scattering spectra of hot-spots from another sponge, 
shown in Fig. S7. All peaks can reasonably be well fitted by a Lorentzian line shape (red lines) 
confirming the narrow linewidths and indicating high quality factors, Q, exceeding 40. The Q 
factors of these localized hot-spot modes are thus significantly higher than those of previously 
studied gap plasmon cavities (~10-15).21 Second, all hot-spot resonances are spatially (Fig. 2c) 
and spectrally (Fig. 3a) well separated and we did not observe local spectra with overlapping 
resonances. This level repulsion is a signature of random mode localization.41, 42 In most spec-
tra, we observe only one eigenmode in the detection range. For some hot-spots, however, two 
eigenmodes are observed and the modes are spectrally separated by a spacing  of at least 35 
nm (Fig. 4a, top spectrum). This mode spacing is larger than the average linewidth  . In the 
theory of random mode localization, the ratio between linewidth and mode spacing, 
/    , the Thouless number, is a fundamental localization parameter.42 A 1   means 
that the plasmonic modes are strongly localized and have weakly overlapping mode profiles.42 
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We find 0.57   in all our spectra, suggesting that the plasmonic modes in nanosponges is 
indeed in the strong localization regime.  
To get a statistically significant measure for the mode localization, we now analyse the spa-
tial intensity fluctuations that are seen in the near-field optical images in Fig. 2. For this, we 
normalize the local scattering intensity, I, in each image to the spatially averaged intensity <I>. 
Representative histograms recorded from a single nanosponge (Fig. 2) at different excitation 
wavelengths are shown in Fig. 4b. In all histograms, we find marked deviations from Gaussian 
statistics with a long, slowly decaying tail at large I/<I>. Such non-Gaussian statistics have 
been taken as a signature of strong, Anderson-type localization of optical modes.43-46 This long 
tail is dominated by localized modes with strong field amplitudes. To analyse our histograms, 
we compare them to a single scaling parameter model for light transport through multiply scat-
tering media introduced by Nieuwenhuizen et al. in Ref. 40. This model has been used suc-
cessfully, e.g., to characterize mode localization in randomly disordered zinc oxide nanon-
eedles47 and quasi-two-dimensional waveguides.45, 46 We find that the data in Fig. 4b are rea-
sonably well described by the Nieuwenhuizen model with a single scaling parameter, g = 0.4.40 
For microwave transport through random media it has been shown that this dimensionless con-
ductance (g) is equal to the Thouless number.42 Similarly small g values are found for all exci-
tation colours that we tested (Fig. 4c). Hence, this statistical analysis firmly supports our con-
clusion that the plasmonic excitations of our nanosponge samples are in the strong localization 
regime (g < 1). Such a strong localization results from the multiple coherent scattering of plas-
mons within the randomly disordered nanoporous network. 
Evidently, this scattering results in the formation of spatially highly-localized hot-spot modes 
with high Q values, suggesting long lifetimes and low damping rates of those modes. For a 
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homogeneously broadened Lorentzian resonance, describing well our measured hot-spot spec-
tra, the FWHM linewidth 22 /T   is directly proportional to the total dephasing time 2T  of 
the transition.16, 48 From the experimental spectra of several localized modes (Fig. 4a), the lin-
ewidth = 30~56 meV corresponds to a dephasing time of the localized modes of 2T = 24~44 
fs. Since for plasmonic systems pure dephasing process are negligible,16, 48 the lifetime of the 
plasmonic mode, 1 2 / 2T T , is ranging from 12 to 22 fs. These values agree with mode life-
times of ~ 20 fs estimated from recent time-resolved photoemission measurements probing 
inhomogeneously broadened ensembles of modes in a single nanosponge.17 The lifetime of 
localized hot-spot modes in nanosponges is therefore much longer than common lifetimes of 
plasmonic nanoparticles of less than 5 fs.48, 49  
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Figure 5. Calculated amplitude and resonance wavelength of the localized modes (colour cir-
cles) at the surface of a nanosponge. The diameter and colour of the circles represent the am-
plitude and wavelength of the dominating modes, respectively. Hot-spots with different reso-
nance wavelengths are randomly distributed across the surface. Insets: simulated electric field 
dynamics of three representative hot-spot modes together with the 6-fs excitation pulse (black 
line). A 6-8 times field enhancement in the hot-spots is observed. (b) Histograms of the calcu-
lated near-field intensity distribution (open circles) in (a) and a fit to single parameter scaling 
model with a dimensionless conductance of g = 0.4 (red line). 
To gain more insights into the plasmon excitation and field dynamics, we simulated the time-
dependent local electromagnetic fields at the surface of a nanosponge.17 A nanosponge model 
is created by using a golden half-sphere of 250 nm diameter, percolated with 20 nm nanopores 
(Fig. 1a, see details in Methods). The sponge is optically excited from the side by a pulsed, p-
polarized plane wave source, incident at 20° with respect to the substrate surface, consistent 
with the experimental conditions. The source has a Gaussian time profile (Fig. 5a, inset: black 
line) with a pulse duration of 6 fs (FWHM of the intensity profile 
2
( ) ( )I t E t ). Figure 5a 
shows the frequency-resolved spatial distribution of the amplitudes of the local modes at the 
surface of the nanosponge, at a time delay of 40 fs after the arrival of the excitation pulse. The 
field amplitude is obtained from a spectral analysis by harmonic inversion (see Supporting 
Information). For such comparatively long time delays, only long-lived modes can be observed 
in Fig. 5a. Several localized modes (colour circles) with different resonance wavelengths are 
found to be randomly distributed across the surface of nanosponge. In general, these findings 
reproduce well the experimental results presented in Fig. 2. An analysis of the electric field 
dynamics of the hot-spot modes shows a coherent excitation persisting well over 40 fs (Fig. 5a, 
insets), much longer than the duration of the excitation pulse (black line). The simulated field 
dynamics is in good agreement with the dephasing times of 24~44 fs derived from experiment. 
Importantly, we observe a 6-8 times field enhancement of hot-spot modes compared to the 
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incident field. The enhancement is deduced by comparing the maximum field amplitude of the 
local near-field to that of the excitation pulse. The simulations clearly illustrate the pronounced 
field localization and enhancement of the hot-spot modes resulting from the multiple coherent 
scattering of SP within the randomly disordered structure. We further analysed the intensity 
fluctuations of the local near-fields that are seen in the simulations shown in Fig. 5a. The re-
sulting histogram (Fig. 5b) displays non-Gaussian statistics similar to those seen in the exper-
imental histograms. The simulated data are reasonably well reproduced by the single parameter 
scaling when taking a dimensionless conductance of g = 0.4.40 This is an additional convincing 
support for the strong localization of plasmonic excitations in our nanosponges. Hence, the 
simulation results fully corroborate our experimental observation of highly spatially localized, 
long-lived hot-spot modes at the surface of percolated nanosponges.  
The long lifetimes of the localized modes mean that both radiative and non-radiative losses 
of the hot-spot modes are small. The weak radiative damping evidently reflects the small mode 
volumes of hot-spots. Nevertheless, in contrast to a metal particle of the same size, e.g., a 10-
nm diameter gold sphere with 2.5 fs lifetime,48 the lifetime of hot-spot modes is enhanced by 
almost an order of magnitude. Hence, the non-radiative damping due to the excitation of elec-
tron-hole pairs is also much reduced. This likely means that most of the electromagnetic energy 
is confined outside the metal in our large surface-to-volume ratio nanosponges. 
The narrow linewidth of the localized plasmon modes and their strong spatial confinement 
make them excellent candidates for exploring the coupling of quantum emitter (QE) to these 
plasmon nanocavities.50 This coupling can substantially alter the optical properties of the QE. 
In the weak coupling regime, the radiative damping of the QE is enhanced by a Purcell factor 
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 since the presence of the nanocavity locally increases the optical density 
18 
 
of states.51, 52 In the elusive strong-coupling regime, a periodic transfer of energy between QE 
and nanocavity is expected.25 For a single molecular QE coupled to a plasmonic nanocavity 
this strong-coupling regime has recently been reached in Ref. 21. It requires a coupling strength 
of the transition dipole moment of the QE to the vacuum field of the cavity that exceeds the 
damping rate of both the plasmonic nanocavity (pl) and the QE (e).20-25, 50 For a number of N  
QE with transition dipole moment e , the coupling strength is e vacg N E . Here, the local 
vacuum field amplitude 0(2 )vac ME V  scales inversely with the mode volume MV  of 
the plasmonic nanocavity. For our nanosponges, we estimate a mode volume of (10 × 10 × 6) 
nm3 = 600 nm3. As the lateral extent of the mode, we take the measured hot-spot diameter of 
~10 nm (Fig. 2c). In the normal direction we estimate an extension of 6 nm, given by the sum 
of decay length along the surface normal (~3 nm) and the field penetration into the sponge of 
3 nm. This small mode volume implies a giant local vacuum field amplitude of ~0.15 V/nm at 
a resonance wavelength of   = 800 nm ( 2 /c   ). These numbers imply that a single, 
correctly oriented QE with a dipole moment exceeding ~20 D and a linewidth of less than 30 
meV would be strongly coupled to the randomly localized plasmonic cavity mode. For emitters 
with comparatively large dipole moments (e.g., J-aggregated dye molecules, e ~100 D
53, 54) 
that are placed inside these fields, this would results in dipolar coupling constants as large as 
310 meV, exceeding by far the linewidth of the plasmonic mode (~40 meV). This unique 
combination of high Q and low MV makes the randomly disordered nanocavities in nano-
sponges extremely attractive for various types of strong-coupling studies. Even in the weak 
coupling regime, the presence of the cavity would have a profound impact on the dynamics of 
the QE. Taking an effective refractive index n0 = 1, the measured values of the quality factor 
Q = 40 and the mode volume MV  = 600 nm
3, we predict a Purcell factor as large as PF = 2.5 × 
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106, matching record values estimated for the best gap plasmon resonators that have been de-
signed so far.21 This would imply, for instance, that the radiative decay time of a QE with a 
spontaneous emission time of 10 ns is reduced by a factor of 106 to a mere 10 fs. To our 
knowledge such huge Purcell effects have not yet been demonstrated experimentally in a solid 
state system. 
To summarize, we directly verified the existence of highly spatially and spectrally localized 
plasmonic modes at the surface of individual gold nanosponges, percolated with a three-di-
mensional ligament network, by near-field spectroscopy. These modes localize on a 10 nm 
length scale and have ~20 nm linewidth, resulting in exceptionally high Purcell factors on the 
order of 106. Our findings demonstrate nanosponges as an intriguing alternative to ordered 
plasmonic nanostructures, supporting strong plasmon localization in a broad spectral range that 
can be tailored by varying the geometry, pore size, filling factor, and/or composition of the 
particle. We find that nanosponges not only support a high density of localized hot-spot modes 
but also a collective plasmon excitation with large extinction cross section which couples 
strongly to far-field light. This turns nanosponge into an efficient nanoantenna which is coupled 
to a series of randomly localized hot-spots with highly confined and enhanced electric fields. 
This may result in ultra-efficient nonlinear plasmonic hybrids by infiltration with a variety of 
nonlinear materials and creates a new platform for exploring strong coupling to quantum emit-
ters in a wide energy range. This certainly warrants more efforts towards the tailored design of 
these particles. Studies of the coupling of these localized hot-spots to various types of active 
quantum emitters, using advanced spectroscopy such as two-dimensional optical nanoscopy, 
are currently underway in our laboratories. 
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